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Introduction
Oxygen delivery to tissues is essential for life. Under hypoxia, adaptive responses take place over the course of hours and days to generate erythrocytes and create new blood vessels. These responses have been identified as the downstream effects of HIFs (1) (2) (3) (4) . HIF-1 is a master transcription factor for oxygen sensing. It is composed of an oxygen-regulated α subunit (HIF-1α) and a constitutively expressed β subunit (HIF-1β) (5) (6) (7) . Under hypoxia, HIF-1α is stabilized, dimerizes with HIF-1β, and translocates to the nucleus to promote transcription of genes, such as erythropoietin (EPO) and vascular endothelial growth factors (VEGF), to orchestrate greater capacity of oxygen delivery to tissues (1) . However, the determinants of HIF-1α regulation are incompletely understood in the complex physiologic environment of cells (8) (9) (10) .
More than 40 years ago, long before the discovery of HIF and erythropoietin, β-adrenergic receptor (β-AR) blockade was shown to diminish the erythropoietic response to hypoxia in animal models, but the mechanisms of these effects have been unexplored (11, 12) . Since that time, there have been a wealth of studies that have detailed the downstream signal transduction events that result from activation of the β-ARs. β-ARs belong to a large family of GPCRs. β-ARs are ubiquitously expressed throughout the body, with β 1 -AR as the major subtype expressed in the heart and β 2 -AR in the lung, vascular endothelium, and kidneys (13) (14) (15) . When an agonist, such as the endogenous ligands noradrenaline and adrenaline, binds to β-AR, the receptor is stabilized in an active conformation and couples to the heterotrimeric G proteins, resulting in dissociation of Gα and Gβγ subunits. These molecular events rapidly propagate complex intracellular signals. For instance, the dissociation of the Gα subunit initiates the release of cAMP-dependent Life-sustaining responses to low oxygen, or hypoxia, depend on signal transduction by HIFs, but the underlying mechanisms by which cells sense hypoxia are not completely understood. Based on prior studies suggesting a link between the β-adrenergic receptor (β-AR) and hypoxia responses, we hypothesized that the β-AR mediates hypoxia sensing and is necessary for HIF-1α accumulation. Beta blocker treatment of mice suppressed hypoxia induction of renal HIF-1α accumulation, erythropoietin production, and erythropoiesis in vivo. Likewise, beta blocker treatment of primary human endothelial cells in vitro decreased hypoxia-mediated HIF-1α accumulation and binding to target genes and the downstream hypoxia-inducible gene expression. In mechanistic studies, cAMP-activated PKA and/or GPCR kinases (GRK), which both participate in β-AR signal transduction, were investigated. Direct activation of cAMP/PKA pathways did not induce HIF-1α accumulation, and inhibition of PKA did not blunt HIF-1α induction by hypoxia. In contrast, pharmacological inhibition of GRK, or expression of a GRK phosphorylation-deficient β-AR mutant in cells, blocked hypoxia-mediated HIF-1α accumulation. Mass spectrometry-based quantitative analyses revealed a hypoxia-mediated β-AR phosphorylation barcode that was different from the classical agonist phosphorylation barcode. These findings indicate that the β-AR is fundamental to the molecular and physiological responses to hypoxia.
PKA (16) , while Gβγ subunits recruit GPCR kinases (GRKs). Although both PKA and GRK participate in β-AR phosphorylation, the level of phosphorylation at distinct PKA and GRK sites depends on the type and concentrations of agonists (17) .
Phosphorylation ultimately diminishes β-AR responsiveness to agonist stimulation, also known as receptor desensitization, and modulates receptor trafficking and turnover. The diminished responsiveness to an overload of noradrenaline is the cardinal feature of congestive heart failure (18) (19) (20) . Effective therapies with beta blockers, such as carvedilol, have resulted in this class of drug being widely prescribed for left and right heart failure (21, 22) . Elevation of HIF-1α levels is also implicated in the pathophysiology of the failing heart (23) . We hypothesized that the β-AR is part of the pathway for hypoxia sensing and necessary for HIF-1α accumulation. We tested this hypothesis using in vivo models; genomic, pharmacologic, and molecular approaches; and detailed barcoding of the phosphorylation status of the β-AR.
Results
Decreased hypoxia responses in mice with beta blocker treatment. To determine whether β-AR blockade prevents hypoxia-mediated erythropoietic responses via HIF-1α in vivo, mice were orally administered vehicle or the lo and basophilic (II) and polychromatic erythroblasts (III) were defined by TER119 hi as well as size and CD44 expression. Data are mean ± SD. *P < 0.05; **P < 0.005, ANOVA. beta blocker carvedilol, followed by exposure to hypoxia (10% oxygen) ( Figure 1A ). Under hypoxia, HIF-1α accumulated in kidneys and was significantly decreased by carvedilol (Figure 1B) . In addition, HIF-1α-specific binding to the Epo gene increased and was blocked by carvedilol ( Figure 1C ). Moreover, hypoxia increased erythropoietin mRNA and protein (24) , both of which were suppressed by β-AR blockade ( Figure 1 , D and E). Since erythropoietin is known to induce the proliferation of erythroid progenitor cells (25) , we quantified the percentages of proerythroblasts and basophilic and polychromatic erythroblasts in the bone marrow with flow cytometry (26) . Under hypoxia, the erythroid progenitor cell population increased by 35%, and the effect was blunted by carvedilol ( Figure 1F ). These findings indicate that β-AR blockade by carvedilol suppresses the classical hypoxia erythropoietic responses through HIF-1α.
Decreased HIF responses in hypoxic cells with beta blocker treatment. Next, we tested the in vitro effects of β-AR blockade on HIF-1α accumulation in hypoxic human endothelial cells isolated from umbilical cord veins (HUVECs). HUVECs were exposed to escalating doses of propranolol and then exposed to hypoxia (2% oxygen). Western blot analyses of nuclear proteins revealed that hypoxia increased HIF-1α levels when compared with normoxia and propranolol dose-dependently decreased HIF-1α (Figure 2A ). To confirm β-AR blockade inhibitory effects on HIF-1α, ChIP studies were performed to test whether β-AR blockade decreases the binding of HIF-1α to the promoters of its classical target genes, such as chemokine stromal cell-derived factor-1 (SDF-1 or CXCL12), hexokinase 2 (HK2), and VEGFA. Quantitative PCR revealed that hypoxia significantly increased HIF-1α-specific binding to promoter sequences, an effect that was blocked by propranolol ( Figure 2B ).
To evaluate the entire spectrum of signaling pathways affected by beta blockers under hypoxia, we performed transcriptome-profiling studies that tested 47,000 probes representing well-characterized genes, gene candidates, and splice variants. HUVECs were exposed to diluent or propranolol alone and then exposed to 24-hour hypoxia (data are accessible at GEO, accession GSE86793). Hypoxia induced changes in RNA expression levels relative to normoxia, corresponding to 1,247 probes, 434 of which were reversed by propranolol (at a FDR of 0.05) ( Figure 2C and Supplemental Table 1 ). Pathway analyses and functional annotation clustering of the identified transcripts revealed the biological significance of β-AR in regulating hypoxia-inducible phenotypes, including focal adhesion, glycolysis, p53 signaling pathways, angiogenesis, and cell migration ( Figure 2D , Supplemental Table 2 , and refs. 27, 28).
β-Agonist increases HIF-1α accumulation under normoxia. To investigate if β-AR activation can increase HIF-1α levels, dose-response and time-course studies with the β-agonist isoproterenol were performed in HUVECs under normoxia. Isoproterenol increased nuclear HIF-1α in a dose-and time-dependent manner, with a maximum response at 2 hours ( Figure 3 , A and B). To test the possibility that stabilization of HIF-1α is mediated via a specific β-AR subtype (β 1 -AR or β 2 -AR), HUVECs were exposed to CGP-20712A (a beta 1 blocker) or ICI-118551 (a beta 2 blocker), followed by isoproterenol stimulation. Isoproterenol stabilization of HIF-1α was dose-dependently decreased by both beta 1 and beta 2 blockers ( Figure 3C ). This suggests that isoproterenol stabilization of HIF-1α can be mediated by β 1 -AR or β 2 -AR and excludes off-target effects.
HIF-1α accumulation under hypoxia relies on GRK phosphorylation of β-AR.
To establish the mechanistic link between β-AR and HIF-1α, we investigated classical downstream signal pathways of β-ARs. Agonist binding to β-AR stabilizes the receptor in an active conformation and leads to coupling to the heterotrimeric G proteins. This results in production of cAMP by adenylate cyclase that activates PKA, which, in turn, phosphorylates the β-AR (13). To test if hypoxia activates the β-AR canonical downstream signal transduction, we measured the intracellular cAMP level in HUVECs exposed to hypoxia (2% oxygen) for 10 to 15 minutes. Similar to isoproterenol, forskolin (which activates adenylate cyclase), and dibutyryl (a cAMP analog), hypoxia increased cAMP levels ( Figure 4A ). However, forskolin and dibutyryl did not lead to HIF-1α accumulation ( Figure 4B ). Further, the PKA inhibitor H89 did not affect HIF-1α accumulation by isoproterenol ( Figure 4B ). Thus, hypoxia can activate β-AR signaling, but activation of the PKA/cAMP pathway does not lead to HIF-1α accumulation.
GRKs are the other classical pathway known to phosphorylate β-ARs following receptor activation (13, (29) (30) (31) . Evaluation of the GRK phosphorylation pathway using pharmacological inhibition of GRK2 in HUVECs revealed a dose-dependent decrease in β-agonist-mediated HIF-1α accumulation ( Figure 4C ). Likewise, GRK inhibition, but not PKA, significantly attenuated hypoxia-induced HIF-1α levels ( Figure 4D ). The results suggest that hypoxia-mediated HIF-1α accumulation is dependent on GRK phosphorylation of β-AR.
To test this idea, we evaluated the hypoxia response of human embryonic kidney cells (HEK293), which overexpress wild-type β 1 -AR (WTβ 1 -AR) or mutant β 1 -ARs lacking either the phosphorylation target sites of PKA (1-1,000 nM) for 45 minutes, followed by 2-hour isoproterenol (n = 3). Data are mean ± SD. *P < 0.05; **P < 0.005; ***P < 0.0005, ANOVA. Figure 4F ). These results indicate that HIF-1α accumulation occurs in response to hypoxia in a manner that requires β-AR-GRK signal transduction.
Hypoxia-specific β-AR phosphorylation barcode. Because agonist binding to β-AR results in unique receptor phosphorylation patterns that correlate with distinct downstream signals (33), we investigated whether hypoxia imparts a specific receptor phosphorylation signature, i.e., a unique barcode. HEK293 cells overexpressing β 2 -AR were exposed to the β-agonist isoproterenol (10 μM) or hypoxia (2% oxygen). β 2 -ARs from the plasma membranes were enriched via binding to alprenolol and subjected to mass spectrometry analyses, which successfully identified 8 key phospho-peptide species of the receptor (Table 1 and Supplemental Table 3 ). 
1 -AR) sites, as shown in E, exposed to normoxia or 5-hour hypoxia (n = 3). Data are mean ± SD. *P < 0.05; **P < 0.005; ***P < 0.0005, Student's t test.
Similar to canonical phosphorylation seen with isoproterenol, hypoxia decreased β 2 -AR phosphorylation at S246 by 2-fold and increased phosphorylation at S396 by 6.7-fold (Table 1 and Figure 5 , A and B). S246 on β 2 -AR is known to be phosphorylated by ataxia telangiectasia mutated protein kinase (ATM) and S396 is known to be phosphorylated by GRK2. In contrast to isoproterenol, hypoxia did not alter β 2 -AR phosphorylation at S261 and S262, known PKA sites ( Figure 5, C and D) . Although isoproterenol and hypoxia increased S355 and S356 phosphorylation, the level of increase was substantially different between the two (hypoxia, 1.6-fold versus isoproterenol, 153-fold) ( Figure 5 , E and F). These findings are consistent with Western blot analysis of protein extracts from hypoxic HUVECs. Hypoxia increased S355 and S356 phosphorylation, an effect that was blunted by GRK inhibition ( Figure 5, G and H) . Altogether, these findings identify a distinct hypoxia-specific β 2 -AR phosphorylation signature, which provides a definitive biochemical link between hypoxia sensing and activation of the β-AR ( Figure 5I ). 
Discussion
Physiologic responses are rapidly initiated within minutes of hypoxia. Catecholamines activate the β 1 -AR in the cardiac muscles, resulting in increased cardiac output (34) (35) (36) , while the peripheral vasculature dilates to increase the perfusion of blood to oxygen-limited tissues (37) . Secondary to these immediate events, adaptive responses take place over the course of hours and days to generate erythrocytes and create new blood vessels in order to provide greater oxygen delivery to tissues. These late responses have been identified as the downstream effects of HIFs (1, 2). HIF-1 is the primary intracellular mediator of the myriad physiological processes for adaptation. This study provides a biochemical connection between the catecholamine pathway and hypoxia responses. Here, we indicate that hypoxia, like catecholamine agonists, can activate the β-AR and lead to HIF accumulation and adaptive responses. Prior work has suggested a close relationship between HIF and β-AR, i.e., both are hydroxylated by prolyl hydroxylase 3 under hypoxia (38) . However, to our knowledge, this is the first connection of hypoxia to activation of β-AR.
In early studies of beta blockers in the 1970s, intraperitoneal injection of rabbits with the subtype-nonspecific beta blocker propranolol prior to an 18-hour exposure to hypobaric hypoxia resulted in decreased erythropoietic responses (11) . In another study, rats preinjected with metipranolol (another subtype-nonspecific beta blocker) had less erythropoiesis (12) . There were some discrepant findings based on type of beta blocker used, but the studies suggested the possibility that β-AR may regulate hypoxia-inducible erythropoiesis. Many years after these studies, Semenza et al. identified HIF-1 in the molecular mechanisms that lead to production of erythropoietin and the subsequent erythropoiesis associated with hypoxia (2). However, the effect of β-AR on HIF-1 accumulation under hypoxia has been untested until now.
In this study, mice were orally administered the readily absorbed beta blocker carvedilol, which has a longer half-life (6-10 hours) as compared with propranolol (3-6 hours) (39) . The mice given carvedilol had lower levels of renal HIF-1α and consequently less binding of the transcription factor to Epo in vivo. Erythropoietin mRNA in the kidneys, the principal site of production, and serum erythropoietin levels were significantly lower with carvedilol treatment. Consistent with these results, mice with carvedilol treatment had fewer erythroid progenitor cells in the bone marrow. Importantly, the beta blocker decreased HIF-1α levels and its binding to target genes and reversed approximately 30% (equivalent to 434 identified transcripts) of the hypoxia-inducible changes in expression. These transcripts mapped to known signal transduction pathways that contribute to cancer biology and dilated cardiomyopathy. In this context, HIF-1α levels are increased in heart tissues obtained from patients with ischemic cardiomyopathy (23) . It is interesting to speculate that benefits of beta blockers in heart failure may be related to suppression of HIF-1α.
To define the molecular mechanisms that link β-AR and HIF-1α, the cAMP/PKA pathway was evaluated using pharmacologic approaches and genetic mutants. Under normoxia, simply increasing the intracellular cAMP levels in cells could not cause HIF-1α accumulation. These findings are slightly in variance from a recent study that suggests that isoproterenol can increase HIF-1α protein levels (40) . In that study, treatment of human cardiomyocytes with the β-agonist isoproterenol or cervical cancer cells with forskolin A Fold change was normalized to untreated 21% O 2 control. β 2 -ARs enriched from HEK293 β 2 -AR cells with alprenolol were digested with protease, followed by liquid chromatography-tandem mass spectrometry analysis. 21% and 2% O 2 , n = 3; ISO, n = 2. B Identified in 2 of 3 independent experiments. Hypoxia-related phosphorylation sites are shown in bold. ATM, ataxia telangiectasia mutated protein kinase; ISO, 10 μM isoproterenol; NC, no change; NI, not identified.
increased HIF-1α protein abundance, but forskolin did not increase HIF-1α transcriptional activity (40) . In this study, pharmacological inhibition of PKA in primary human endothelial cells, or the expression of a PKA phosphorylation-deficient β-AR mutant in human kidney embryonic cells, does not alter hypoxia-mediated HIF-1α accumulation. This is consistent with the study in which a stable knockdown of the catalytic subunit of PKA did not decrease hypoxic accumulation of HIF-1α (40) . Unlike PKA, pharmacological inhibition of GRK, or genetic mutation of the β-AR that impairs GRK phosphorylation, profoundly decreased hypoxia-mediated HIF-1α accumulation in this study. These results support the idea that hypoxia-mediated HIF-1α accumulation is dependent on GRK phosphorylation of β-AR. In a study by Baloğlu, et al., preexposure to 24 hours of hypoxia decreased β-agonist induction of cAMP in alveolar epithelial cells (41) . Here, 10-minute hypoxia exposure of human endothelial cells rapidly increased cAMP. These findings suggest that under hypoxia the β-AR produces higher basal levels of cAMP but is overall less responsive to agonist stimulation. Another possibility for the different findings in this study is that cAMP responses to hypoxia are dependent on specific cell types and/or times of exposure.
Carvedilol and propranolol were both employed in experiments performed in this study, and distinctions should be noted in these beta blockers. Carvedilol, but not propranolol, induces phosphorylation at GRK6 sites within β 2 -AR and initiates β-arrestin-mediated signaling (33, 42) . Thus, carvedilol might exert some of its effects independent of receptor antagonism. Shenoy et al. previously found that β-arrestin 1 interacts with HIF-1α, which could be one mechanistic link between the hypoxia barcode and HIF-1α stabilization (43) . Studies are needed to test the possible roles of β-arrestins, receptor internalization, and other mechanisms through which GRK phosphorylation may induce HIF.
Human β 1 -AR and β 2 -AR protein sequences share 54% sequence identity and contain phosphorylation sites that are targeted by PKA and GRK; but they have different expression patterns and activate different signaling pathways (18, 32) . One limitation of the current study is that β 1 -AR mutants were used in evaluation of hypoxia signal transduction, but β 2 -AR was used to investigate effects of hypoxia on the phosphorylation barcode. Effects of β 2 -AR PKA and GRK mutants were not studied. Likewise, the phosphorylation barcodes of β 1 -AR or its GRK/PKA mutant forms were not studied. In addition, expression levels of β 1 -AR or β 2 -AR were not quantitated in vitro or in vivo. Studies delineating differences and similarities between β 1 -AR and β 2 -AR under hypoxia will be important to understanding mechanisms and cell-specific effects. Abundance and membrane localization of the β 1 -AR and β 2 -AR under hypoxia will also be important to understanding regulatory mechanisms of the receptors under hypoxia.
Quantitative mass spectrometry analyses of β 2 -AR peptides, enriched from alprenolol binding, indicate highly differential percentages of phosphorylation of known serine and threonine amino acid residues, ranging from 0.045% at S396 to 99% at S262 (Supplemental Table 3 ). Our method identified 9 amino acids in the β2-AR phosphorylated with isoproterenol treatment, compared with 13 amino acids that were previously reported using stable isotope labeling with amino acids in cell culture with phosphopeptide enrichment (33) . Despite differences in methodologies, we identified an overall similar level of phosphorylation change from isoproterenol stimulation at S246 (1.7-fold decrease compared with previously reported 2-fold), at S396 (6.7-fold increase compared with previously reported 3.5-fold), and at S261 and S262 (4.9-fold compared with 15.5-fold). Strikingly, hypoxia alone induces decreased phosphorylation at S246 and increased phosphorylation at S396 at a comparable level to isoproterenol. No change in the phosphorylation level at PKA sites is observed with hypoxia. These findings point to a unique hypoxia-specific β 2 -AR phosphorylation signature, perhaps mediating a different pattern of signal transduction for HIF-1α regulation.
Our results collectively support a model in which hypoxia activates a β-AR phosphorylation barcode that allows for distinct downstream signals, which are essential for HIF-1α accumulation ( Figure 6 ). The agonist-independent hypoxia-driven β-AR activation is mediated by GRK phosphorylation, which results in a unique phosphorylation signature that mediates HIF-1α stabilization. Figure 6 . Working model. Hypoxia induces a unique β-adrenergic receptor (β-AR) phosphorylation barcode that is GPCR kinase-dependent (GRK-dependent), which drives HIF-1α accumulation.
Although β-ARs were first identified for their roles in the fight-or-flight response as part of the sympathetic nervous system, this study identifies an unsuspected essential role of β-AR in hypoxia sensing in renal hypoxia-induced accumulation of HIF in vivo and in endothelial and epithelial cells in vitro. However, beta blockers are used principally in the context of cardiovascular disease, such as heart failure. Further work is needed to define whether β-AR-dependent hypoxic signaling is operative in the heart and in a clinically relevant model, such as ischemic heart failure.
Methods
Animal model. Eight-week-old female balb/c mice from The Jackson Laboratory were orally administered with vehicle or carvedilol (C3993, Sigma-Aldrich) dissolved in 20% DMSO/water at 15 mg/kg/d for 7 days, followed by exposure to hypoxia (10% O 2 ). Heart rates were monitored consciously with the MouseOx pulse oximeter.
Flow cytometry. Bone marrow was isolated from the femur, tibia, and vertebrae. Nonspecific binding sites were blocked by incubation of cells with 10% normal goat serum in PBS for 15 minutes at room temperature. Cells were washed with 1% BSA in PBS and incubated with APC-conjugated anti-CD45 (eBioscience) at 1:100 (2 μg/ml), PE-conjugated TER119 (eBioscience) at 1:50 (4 μg/ml), and FITC-conjugated anti-CD44 (eBioscience) at 1:100 (5 μg/ml) for 30 minutes on ice. All antibodies were diluted in 1% BSA in PBS. Cells were washed twice with 1% BSA in PBS and resuspended in FACS Flow containing the dead cell marker 7-AAD (BD Biosciences) at 1:200. Samples were run on a LSRII flow cytometry (Becton Dickinson), and data were analyzed using Flowjo vX.0.7 (Tree Star Inc.). Aggregates, cell debris, and dead cells were gated out. Leukocytes were excluded using CD45. Three populations were defined based on size and CD44 and TER119 levels. Proerythroblasts were defined as CD44 hi TER119 lo , and basophilic and polychromatic erythroblasts were defined as TER119 hi and selected based on decreasing size and CD44 expression. Proerythroblasts and basophilic and polychromatic erythroblasts were defined such that the percentage of cells in each population fit the expected ratio of 1:2:4 (26).
ELISA. Blood obtained from cardiac puncture was clotted at 37°C for at least 30 minutes. Serum was isolated after centrifugation at 10,000 g for 10 minutes. The Mouse Erythropoietin Quantikine ELISA Kit (MEP00B, R&D Systems) was used to quantify serum erythropoietin concentration.
Cell culture. HUVECs were cultured in Endothelial Basal Medium-2 basal medium, supplemented with the Endothelial Cell Grow Medium-2 bulletkit (Lonza). They were cultured up to passage 6 for experiments. All kidney embryonic cells (HEK293) were cultured in minimum essential media with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin. Cells were serum starved for 4 hours or overnight prior to any experiment. For hypoxia studies, cells were incubated in a sealed chamber at 37°C with 2% O 2 , 5% CO 2 , balanced with 93% N 2 . For treatment of cells, propranolol (P0884, Sigma-Aldrich), β-ARK1/GRK2 inhibitor (125 μM) (182200, EMD Millipore), or PKA inhibitor H89 (10 μM) (B1427, Sigma-Aldrich) was added to cells for 45 minutes prior to normoxia or hypoxia. HUVECs were gifts from F. Terenzi and P. Western blot. For HIF-1α protein quantification, nuclear protein extracts were prepared according to the manufacturing protocol of the nuclear extraction kit (Affymetrix). Proteins were subjected to SDS-PAGE in 4%-15% or 18% Tris-HCl gel (Bio-Rad) and transferred to polyvinylidene difluoride membranes. Antibodies for human HIF-1α (610959, BD Biosciences), mouse HIF-1α (sc-10790, Santa Cruz Biotechnology Inc.), phosphorylated β 2 -AR (sc-22191-R, Santa Cruz Biotechnology Inc.), β 2 -AR (sc-569, Santa Cruz Biotechnology Inc.), and Lamin B (sc6216, Santa Cruz Biotechnology Inc.) were used for detection.
Isolation of RNA. Cells were lysed using QIAzol buffer. RNA was isolated according to the manufacturing protocol of the miRNeasy Mini Kit (Qiagen). The quality of RNA was assessed with the 2100 BioAnalyzer (Agilent Technologies). Samples with an RNA Integrity number higher than 7 were used for genome-wide expression assay.
Genome-wide expression assay. The HumanHT-12 v4 Expression BeadChip (BD-103-0204, Illumina) was used. The experiment was performed on 5 biological replicates. Data have been deposited in the GEO repository (accession GSE86793).
ChIP -quantitative PCR. HUVECs were treated with propranolol, isoproterenol, or hypoxia for 12 hours. Chromatins were prepared according to the manufacturing protocol of the Chromatin Immuno-precipitation Assay Kit (17295, EMD Millipore). Rabbit anti-HIF-1α antibody (sc10790, Santa Cruz Biotechnology Inc.) was used to pull down chromatin bound by HIF-1α; rabbit IgG (sc2027, Santa Cruz Biotechnology Inc.) was used as control. DNA primers used for quantitative PCR to quantify HIF-1α-bound promoters are as follows: SDF-1 forward, 5′-TCTAACGGCCAAAGTGGTTT-3′; SDF-1 reverse, 5′-GCCACCTCTCTGTGTCCTTC-3′; HK2 forward, 5′-CACATTGTTGCATGAAACTCC-3′; HK2 reverse, 5′-GACCTCTCCGATTCACAGG-3′; VEGFA forward, 5′-TCTTCGAGAGTGAGGACGTGT-GT-3′; VEGFA reverse, 5′-AAGGCGGAGAGCCGGAC-3′ (44); Epo forward, 5′-TCTCTTCATGACT-GTACACACC-3′; Epo reverse, 5′-TGACAGCCACATAGAATAAAAG-3′ (45) . Quantitative PCR was performed using iQ SYBR Green Supermix (170-8880, Bio-Rad).
Measurements of cAMP. cAMP was measured according to the manufacturing protocol of the CatchPoint cAMP Fluorescent Assay Kit (R8089, Molecular Devices).
Reverse transcription-quantitative PCR. mRNA was prepared according to manufacturing protocol of the miRNeasy kit (217004, Qiagen). mRNA was reverse transcribed using the SuperScript First-Strand Synthesis System (11907, Invitrogen). DNA primers used for quantitative PCR to quantify EPO and ACTIN cDNA were as follows: EPO forward, 5′-GAGGCAGAAAATGTCACGATG-3′; EPO reverse, 5′-CTTC-CACCTCCATTCTTTTCC-3′; ACTIN forward, 5′-CTAGGCACCAAGGTGTGAT-3′; ACTIN reverse, 5′-CAAACATGATCTGGGTCATC-3′.
Pathway analysis and annotation clustering. DAVID v6.7 (Database for Annotation, Visualization and Integrated Discovery) was used for Kyoto Encyclopedia of Genes and Genomes pathways analysis and annotation clustering of genes that show significant differential expression in cells treated with hypoxia, isoproterenol, and hypoxia with propranolol pretreatment. β 2 -AR alprenolol bead purification. Kidney embryonic kidney cells which overexpress β 2 -AR (HEK293 β 2 -AR) were serum starved for at least 4 hours prior to exposure to isoproterenol (10 μM) for 5 minutes or hypoxia (2% oxygen) for 5 hours. After cell lysis with hypotonic solution, plasma membranes were solubilized with 1% n-Dodecyl β-D-maltoside supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (78440, Thermo Fisher Scientific). Alprenolol beads (CM29101, CellMosaic Inc.) (46) were incubated with plasma membranes at 4°C overnight. Receptors were eluted with loading buffer for gel electrophoresis.
Mass spectrometry. The protein samples were subjected to in-gel digestion in which the bands were cut from the gels and washed in 50% ethanol, 5% acetic acid. The gel pieces were then dehydrated in acetonitrile, dried in a Savant Speedvac (ThermoFisher Scientific), and digested by adding 5 μl 10 ng/μl of trypsin or chymotrypsin, in 50 mM ammonium bicarbonate, followed by incubation overnight. The peptides were extracted into two portions of 30 μL aliquots of 50% acetonitrile, 5% formic acid. The combined extracts were evaporated to <10 μl in a Speed-vac and then resuspended in 1% acetic acid to make up a final volume of approximately 30 μl for liquid chromatography-mass spectrometry (LC-MS) analysis. The LC-MS system was a Finnigan LTQ-Obitrap Elite hybrid mass spectrometer system. The HPLC column was a Dionex 15 cm × 75 μm id Acclaim Pepmap C18, 2 μm, 100 Å reversed-phase capillary chromatography column. Five μl volumes of the extract were injected, and the peptides -eluted from the column in an acetonitrile, 0.1% formic acid gradient at a flow rate of 0.25 μl/min -were introduced online into the ion source of the mass spectrometer.
The digest was analyzed in both a survey manner and a targeted manner. The survey experiments were performed using the data-dependent multitask capability of the Orbitrap Elite mass spectrometry system (ThermoFisher Scientific) acquiring full-scan mass spectra to determine peptide molecular weights and product ion spectra to determine amino acid sequence in successive instrument scans. The LC-MS/MS data were searched with the programs Mascot and Sequest against both the full human reference sequence database and specifically against the sequence of β 2 -AR. The parameters used in this search include a peptide mass accuracy of 10 ppm, fragment ion mass accuracy of 0.6 Da, carbamidomethylated cysteines as a constant modification, and oxidized methionine and phosphorylation at S, T, and Y as a dynamic modification. The results were filtered based on Mascot ion scores and Sequest XCorr scores. All positively identified phosphopeptides were manually validated. The targeted experiments involve the analysis of specific β 2 -AR peptides, including the phosphorylated and unmodified forms of several tryptic and chymotryptic peptides. The chromatograms for these peptides were plotted based on known fragmentation patterns and the peak areas of these chromatograms were used to determine the extent of phosphorylation.
Statistics. JMP PRO 10 was used for analysis. ANOVA or Student's 1-tailed t test was used to test the statistical significance for the observed differences, as described in figure legends. The P value threshold chosen for statistical significance was 0.05. For mouse kidney ChIP, data outside 95% confidence interval were excluded from analysis. For genome-wide expression array, the raw expression data were log 2 transformed with force-positive background correction and were then quantile normalized. Differential expression analysis was carried out between controls and the hypoxia, propranolol, or hypoxia with propranolol pretreatment groups. For each 2-group comparison, unexpressed and unannotated probes were first excluded from differential analysis. Probes with differential expression levels were identified using the "limma" package in R. FDR was used to account for multiple comparisons. Significant probes were identified as those with a FDR of less than 0.05. All analyses were conducted using R-3.1.3 (https://cran.r-project.org/).
Study approval. All animal experiments were approved by the Cleveland Clinic Institutional Animal Care and Use Committee at the Lerner Research Institute in Cleveland, Ohio.
